A study has been made of the kinetics of condensation reactions in phosphotriester synthesis of oligonucleotides on polystyrene copolymer resin support, using monomers, dimers, and trimers as the coupling units. The condensations follow pseudo first order kinetics, with a rate constant that decreases from monomers to dimers to trimers. Arrhenius plots , indicate a nearly constant activation energy of around 10.4 kcal mol . Extrapolation to find the Arrhenius preexponential factor, A, is inaccurate because of the limited temperature range studied. But if the assumption is made that E a is the same for monomer, dimer, and trimer reactions, then the A values are inversely proportional to the surface areas of the coupling units, reinforcing the interpretation of A as a collision efficiency factor.
INTRODUCTION
The solid phase phosphotriester approach to oligonucleotide synthesis has advanced significantly in recent years, providing oligonucleotides of defined sequence for many molecular biological studies (1). The strategy of phosphotriester synthesis on solid support can be outlined as follows:
i)
Condense an appropriately protected phosphodiester coupling unit (typically a monomer, dimer or trimer) onto the free 5'-hydroxyl group of a growing polynucleotide chain bound to the solid support. ii) Inactivate any remaining unreacted 5'-0H groups by acetylation (capping). iii) Detritylate the 5 1 ends of the just-added coupling units on the growing chains, to expose new 5'-0H groups for the subsequent coupling reaction. iv) Repeat the above three steps with succeeding coupling units, until the desired oligonucleotide chain is generated.
The first of these steps, condensation, is diagrammed in Figure 1 . It is Of O°F igure 1. 01igonucleotide synthesis on solid support illustrated by the condensation of a blocked T-T dimer coupling unit with a free 5'-0H group on thymine bound to polystyrene resin beads (Ps). After inactivation of any remaining 5'-OH ends from the condensation step, the DMT groups can be removed from the new 5 1 ends of the bound trimers, in preparation for further chain elongation. Reactions using monomers or trimers as coupling units are similar. the most critical step, and is rate-determining in terms of practical laboratory time required for synthesis. Attempts to improve the overall synthesis should logically focus on this step.
We have studied the kinetics of the coupling step shown in Figure 1 , using monomers, dimers, and trimers as coupling units, and varying temperature and concentration of coupling units. One would expect the reaction, if a simple one, to be second order, with a rate of disappearance of free 5'-OH groups given by: 
Integrating the pseudo first order rate expression yields: f = -t^i = exp(-kt) = fraction 5'-0H ends unreacted (3)
By simple Arrhenius theory, the rate constant can be expressed in terms of an activation energy, E. and a preexponential or frequency factor, A: a
The preexponential factor in principle should be related to the rate of productive collisions of coupling units with the anchored oligonucleotide chain -that is, to the fraction of such collisions that result in chemical reaction rather than recoil. Both E, and A can be found from an Arrhenius a plot if reaction data are measured as a function of temperature. Table I . Each of the 16 points represents an independent coupling experiment, carried out at the indicated temperature and halted after the specified time. Extrapolated times for 90% and 95% coupling yield are listed in Table II. follow pseudo first order kinetics, and permits calculation of rate constants, k, at the three temperatures. Similar plots can be made for dimer and trimer coupling. Pseudo first order rate constants obtained by linear regression analysis of the data in Table I are listed in Table III.   Table II Table III. The rate constant increases with temperature, as expected. In addition, under comparable temperature conditions the rate constant decreases in progression from monomer to dimer to trimer.
MATERIALS AND METHODS
In this reaction system, sulfonation of the 5'-OH groups by MSNT also occurs as an undesired side reaction. However, the amount of sulfonation in practice is negligible (4), and has been ignored in our assumption that the rate of disappearance of 5'-OH groups is at least proportional to the rate of condensation of coupling units.
As a control, and a check on the overall reaction kinetics, monomer condensation at 24° was also studied with three times the reagent concentration: 0. Table III An appreciable improvement in speed of oligonucleotide synthesis, with no significant disadvantages, can be achieved by carrying out the
